They are identical with the equations (1) and (2) given in my paper, but with explicit expressions given for the force of the electrons upon the ions they flow through and the force of the ions upon the electrons they flow through. These are equal in magnitude but opposite in sign, so they may be eliminated by adding the two equations, giving, in the case of neutral plasma, the equation
The Sepregation-distorter (SD) locus was first discovered by Hiraizumi in flies from a wild population of Drosophila melanogaster in Madison, Wisconsin. Males heterozygous for SD regularly transmit the SD-carrying chromosome to a grossly disproportionate number of their offspring, frequently 95 per cent or more.
In the first published report of this phenomenon, Sandler, Hiraizumi, and Sandler showed that no distortion occurs in females, that the phenomenon seems dependent on synapsis since chromosome rearrangements reduce or eliminate the effect, and that distortion depends on a locus in the right arm of chromosome II in or near the proximal heterochromatin. They suggested as a mechanism that the SD chromosome causes in the homologous chromosome something analogous to a break, which could undergo lateral fusion to form a chromatid bridge at anaphase II and thus somehow prevent the formation or function of those gametes that would normally carry the SD+ chromosome. The experimental observations' that bear on the hypothesis are: (1) segregation-distortion is not accompanied by post-zygotic mortality; (2) translocation experiments suggest that there is gametic nonfunction, rather than an extra replication of the SD chromosome (as occurs in "sex-ratio" strains of Drosophila2); (3) cytological figures were seen that were consistent with this idea but that were scarcely conclusive.
The purpose of this investigation was to explore the possibility that the SD phenomenon involves actual breakage of the homologous chromosome. We reasoned that, if the homologous chromosome is broken by SD activity, the induction of a break in the SD chromosome by radiation could lead to crossover-like effects involving homologous or near-homologous exchanges between the two broken chromosomes. Since crossing-over in the male is normally absent, a small difference between SD and control exchange rates could be detected. The data to be reported here show an increase in such recombination near the centromere of chromosome II when radiated males heterozygous for SD are compared with equally radiated males carrying normal chromosomes or an SD chromosome which is ineffective because of an insensitive homolog. Thus, the SD locus seems able to induce a change in its homolog that is a physical break by the criterion of being able to rejoin with a radiation-induced break.
Experimental Evidence for SD-induced Breakage.-The following second chromosomes were used in the experiments: (1) SD-5: One of the original distorting chromosomes carrying, in addition to SD, two nonoverlapping inversions in the right arm; one is In(2R)NS and the other a smaller inversion proximal to it.' (2) Canton-S: Standard wild-type strain, used as a control. (3) Cy cn bw: A chromosome that is highly sensitive to the SD effect. It carries the Cy (Curly wing) inversion in the left arm and the recessive markers cn (cinnabar eye) and bw (brown eye) in a structurally normal right arm. (4) Cy bw: A chromosome that is resistant to the SD effect because of carrying a right arm inversion in addition to the left arm Cy inversion; it is marked by bw. The right arm inversion prevents appreciable recombination between cn and bw. (5) SD-54: A strain from a wild population in Lower California, whose distorting properties are identical to SD-5, but which carries different inversions.4
The left arm Cy inversion has its right-most break to the left of the centromere (Band 34A1 on Bridges' map) and cn is just to the right of the SD locus. Very little crossing-over occurs in females in the region between In(2L)Cy and cn, so that any induced crossovers in males would have a good chance of involving the SD locus, which is in this region.
The SD region is probably in the euchromatin for the following reason: Lewis3 has shown that one SD strain (line SD-72) carries a small pericentric inversion which extends slightly into the euchromatin in the right arm. Recombinations that, because they lead to changes in SD properties, must occur in the SD region are known to occur between the right breakpoint of the pericentric inversion and the mutant cn. Therefore SD must lie in the euchromatin, though close to the euchromatin-heterochromatin border.
The basic experiment consisted of crossing irradiated SD-5/Cy cn bw males with cn bw females. Recombinants in or near the SD region were detected as cn bw or Cy progeny.
A relatively low dose of approximately 1500 r was given so as to minimize the number of multiple-hit phenomena. Preliminary experiments indicated that the greatest amount of induced recombination was found when males were mated 9-10 days after irradiation, corresponding to irradiation of meiotic stages. A number of clusters of recombinants were obtained, however, and therefore some of the cells must have been in spermatogonial stages during irradiation. In the experiments reported here, the males were irradiated less than 28 hours after eclosion, mated 9 days after irradiation, and left with the females for three days.
In addition to unirradiated controls, three kinds of irradiated controls were used. In one, Canton-S was substituted for SD-5 to give normal rates of X-ray induced crossing-over where SD was not involved. A second kind of control consisted of substituting the insensitive Cy bw chromosome for the sensitive Cy cn bw in heterozygotes with SD to determine whether a high crossover rate depends on actual SDactivity, rather than on the mere presence of the SD chromosome, active or not. In the third type of control Cy cn bw was replaced by the Cy bw chromosome in heterozygotes with Canton-S to determine whether the sensitive and insensitive chromosomes had the same rate of induced crossing-over with normal homologs. In each experiment the distorting and control males were irradiated simultaneously. The summarized data are shown in Table 1 .
TABLE 1
The frequency of recombination in matings of heterozygous males and cn bw females. The extent of segregation distortion is given by k, the fraction of SD chromosomes transmitted by heterozygous males. In the irradiated cultures, number 1 is the experimental mating, 2 and 3 or 2, 3, and 4 are controls. The first result to note is the large enhancement of crossing-over with irradiation in all genotypes, as expected. Second, the percent of recombination is uniformly higher when there is segregation-distortion (k = 0.94 and 0.84, where k is the proportion of SD chromosomes transmitted by heterozygous males) than when k is near its normal value of 0.5. The three irradiated controls are quite similar. The fact that replacement of the sensitive Cy cn bw chromosome by the insensitive Cy bw in SD heterozygotes reduces the amount of recombination to the Canton-S control level shows that SD must be actively distorting in order to get an enhancement of recombination. That this reduction is not due to some peculiarity of the Cy bw chromosome itself is shown by the similarity in recombination values of Cy bw and Cy cn bw chromosomes in heterozygotes with Canton-S.
There are two difficulties in interpretation of the data, however. The first of these, suggested to us by Dr. Dan Lindsley, is that there may be less segregationdistortion in those cells where exchange is occurring than in nonrecombinant cells. This could lead to an apparent increase in the amount of induced crossingover for the reason that a primary spermatocyte in which there is no distortion gives rise to four functional sperm cells while a spermatocyte in which SD is functioning will, if the present interpretation of SD-action is correct, give rise to somewhere between 2 and 4 sperm cells depending on the degree of distortion. If the distortion is high, this will approach 2, and thus sperms from recombinant cells with no distortion will tend to be represented almost twice as frequently as sperms from distorting, nonrecombinant cells.5
An unbiased estimate (though one that is statistically inefficient because it does not use all of the data) may be obtained by using only one recombinant and one nonrecombinant class as the basis for estimation of recombination. The wild-type (i.e., SD) nonrecombinants were chosen because this is the class that appears preferentially when distortion occurs. Similarly the class that appears in excess in the recombinants is the Cy class. This may be because of SD-effect or because of reduced viability. This estimate is independent of the k value even if k is different in recombinant and nonrecombinant classes.5
Tue data, including only the wild-type nonrecombinant and the Cy recombinant class, are given in Table 2 . The same phenotypic classes are chosen for the nondistorting control experiments, of course. A chi-square test shows a highly significant difference in the amount of induced recombination in the distorting and control experiments.
The second problem is the occurrence of clusters of recombinants because of induced changes in pre-meiotic cells. We attempted to minimize this by mating the males at such an interval after irradiation as to maximize the probability that the recovered sperm cells were in meiotic stages during radiation. Nevertheless some instances of multiple recombinants from a single male were observed. Such clusters decrease the value of a conventional statistical significance test because of the nonindependence of recombinants within a cluster.
There are three reasons why we think that the cluster effect in these experiments is not likely to seriously alter the results. One is the time of irradiation, relative to mating as just mentioned. The second is that the actual number of clusters observed was not large. Third, the variance among the proportion of recombinants among the nondistorting controls is no larger than would be expected with a binomial distribution (Table 2 ).
The cluster effect as the cause of the difference between experiment and control Table 2 give the data for the Cy recombinants classified in this way; i.e., each cluster is counted as a single recombinational event. This is undoubtedly an overly conservative approach because some of the apparent clusters were certainly the result of independent events. Since approximately one third of the males had one or more recombinant progeny, the finding of several with two or more is expected with almost the observed frequency. The test is also conservative in that only one recombinant and one nonrecombinant class is used for reasons discussed before. The chi-square value is computed on the assumption that the recombinational events have a Poisson distribution. Despite the conservatism of this test, the difference between the SD and the irradiated controls is statistically significant (P = 0.03).
The observed recombination value when SD is active is roughly twice as high as in the various controls. This might appear to be less of a rise than expected on the hypothesis that we are considering, for the X-ray has to break only one homolog when SD breaks the other. Hence the ratio of recombination in the two groups might be as a number to its square, or some such large increase. On the other hand there are several reasons why our experiment would provide a minimum estimate of the increase when SD is active: (1) one or both recombinant classes may be deficient because of aneuploid inviability if the crossing-over is not exactly homologous; (2) the k value is not 1.00 so the homolog presumably is not broken in every cell; (3) some of the recombinants may be such as to end up in inviable meiotic products, as normally happens to the homolog of the SD-bearing chromosome; (4) since only a fraction of the sampled cells were undergoing meiosis at the time of irradiation, any effect of the type we are interested in is diluted by effects on otter stages which presumably occur with equal frequency in the controls and experimentals.
For all these reasons, we believe that there is no quantitative significance in the magnitude of the increase, but that the existence of any increase is strong evidence in favor of the hypothesis that SD acts by producing an actual break in its homolog.
One important logical qualification ought to be mentioned. Since, in these experiments, both the SD and non-SD chromosomes were irradiated (necessarily), we have no way of knowing whether there would be an interaction between the SD induced break and the X-ray induced break if the SD+ chromosomes had not been irradiated. In general, we cannot distinguish (from these studies) between SD inducing a break that can directly interact with an X-ray induced break and SD inducing some different kind of change in its homolog that renders the homolog more susceptible to breakage by X-rays. Obviously, until some reason for supposing the latter view appears, the notion that SD simply causes a break in its homolog is preferred.
Analysis of the Recombinant Chromosomes.-Analysis of the recombinants for SD activity or their sensitivity to SD chromosomes can tell something about the recombinational event. The fact that, as will be shown, some recombinants have SD properties different from either of the parental chromosomes strongly suggests that the SD-induced break is at the homologous position on the non-SD chromosome.
Only the Cy recombinants were fully tested, for these have both the left arm Cy inversion and the inversions associated with the right arm of SD-5, making unambiguous isolation of the recombinants possible. The following two crosses were made. SD-54 was used as the distorting tester chromosome; Cy in this cross means the Cy recombinant chromosome.
SD-54/cn bw female X Cy/cn bw male Cross 1: Cy/cn bw male progeny X cn bw/cn bw female Cross 2: SD-54/Cy male progeny X cn bw/cn bw female If the first cross shows an excess of Cy progeny, this indicates that the Cy recombinant chromosome has SD activity. Cross 2 tests the sensitivity of the Cy recombinant chromosome to SD activity, sensitivity being indicated by an excess of non-Curly progeny.
The data on SD activity and sensitivity of 20 tested Cy recombinant chromosomes are given in Table 3 . Six recombinants show sensitivity to the SD activity of TABLE 3 Analysis of Cy recombinant progeny. The value, kli, is the ratio of Cy to total progeny from cross 1 and is a measure of SD activity of the recombinant chromosome. The value, k2, is the ratio of SD-64 to total progeny in cross 2 and is a measure of sensitivity of the recombinant chromosome to SD-54. Table 1 ). now understood. The SD strain used in those experiments was SD-72 which Lewis has shown to carry a pericentric inversion that could be expected to prohibit detectable crossing-over between pr and SD. This pericentric inversion is not present in SD-5 and the expected crossover product does indeed appear. The SD locus is known to be complex (probably comprising three or more components), and it would seem that the majority of the X-ray induced recombinants involve exchanges wholly within the SD region because the same types occur (with similar relative frequencies) spontaneously by crossing-over in the female, and all these have been shown by Sandler and Hiraizumi to involve crossing-over within the SD region. This strongly supports the view that SD breaks its homologous chromosome at the homologous position.
There is a large excess of Cy over cn bw recombinants from distorting males. There are at least two plausible explanations for this. One is that there is some distortion in these cells that somehow favors the Cy chromosome, a reasonable view since the inequality between the two recombinant classes is found only when SD is active. A second possibility is that this is the result of aneuploidy. With the SD-induced break probably at a fixed position and the radiation induced break probably not at the exactly homologous position it is entirely feasible that one recombinant type could be more often hypoploid than the other. This might well affect differentially the recovery of the two complementary classes, since these events are occurring close to the euchromatic-heterchromatic border. In fact, among 13 cn bw recombinants tested, 10 proved to be lethal and 3 semilethal when homozygous, as might be expected on this view.
Summary.-Sandler, Hiraizumi, and Sandler' suggested that the distorted segregation ratios in the Segregation-distorter (SD) strains of Drosophila occurred because the SD chromosome produced something analogous to a break in the normal homolog leading somehow to nondeveloping or nonfunctional gametes. The present experiment was designed to determine whether an actual break is induced, by finding recombination between such a break and one induced by radiation. When distorting males were X-rayed they produced a significantly larger fraction of chromosomes showing recombination in or near the SD region than irradiated control males where distortion was not occurring. Thus the SD effect on the homolog appears to be an actual chromosome break by the criterion of being able to rejoin with a radiation-induced break. * Paper number 876 from the Division of Genetics. This work was supported by the National Institutes of Health .
